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7KH 6HFRQG 65(( &RQIHUHQFH RQ (QJLQHHULQJ 0RGHOOLQJ DQG 6LPXODWLRQ &(06 
1XPHULFDO $QDO\VLV RI )ORZLQJ IRU ERWK $GLDEDWLF :DWHUDLU
)ORZ 3DWWHUQV DQG 7KHLU 7UDQVLWLRQV LQ D +RUL]RQWDO 7XEH
-XQ[LD =KDQJD +RQJ[LQJ =KDRED
D6FKRRO RI HQHUJ\ HQJLQHHULQJ <XOLQ 8QLYHUVLW\ <XOLQ  6KDQ[L 3URYLQFH &KLQD
E'HSDUWPHQW RI 0DWKHPDWLFV <XOLQ 8QLYHUVLW\ <XOLQ  6KDQ[L 3URYLQFH &KLQD
$EVWUDFW
%RWK WKH ORVV RI IORZLQJ UHVLVWDQFH DQG G\QDPLF SHUIRUPDQFH RI IOXLG WUDQVSRUWDWLRQ IRU ZDWHUDLU WZR SKDVHV LQ D
KRUL]RQWDO WXEH LV FORVHO\ UHODWHG WR LWV IORZ SDWWHUQ ZKLFK LV GLIIHUHQW IURP IOXLG IORZ RI VLQJOH SKDVH $W WKH SUHVHQW
ZRUN DFFRUGLQJ WR %DNHU¶V DGLDEDWLF IORZ SDWWHUQ PDS RI ZDWHUDLU D 92) JDVOLTXLG LQWHUIDFLDO WUDFNLQJ PRGHO ZDV
DGRSWHG WR QXPHULFDOO\ DQDO\]H FKDUDFWHULVWLFV RI DGLDEDWLF ZDWHUDLU IORZ SDWWHUQ DQG WKHLU WUDQVLWLRQV 3DUDPHWHUV
LQFOXGLQJ YROXPH IUDFWLRQ YHORFLW\ DQG SUHVVXUH FRQWRXUV ZHUH REWDLQHG IRU VWUDWLILHG SOXJ DQG DQQXODU IORZV
5HVXOWV VKRZ WKDW GLVWULEXWLRQV RI ERWK SUHVVXUH DQG YHORFLW\ FKDQJH ZLWK IORZ SDWWHUQV 3UHVVXUH KDV D VWUDWLILHG
GLVWULEXWLRQ DW WKH FURVVVHFWLRQ RI WXEH IRU VWUDWLILHG IORZ DQG SUHVVXUH RI DLU LV ORZHU WKDQ WKDW RI ZDWHU )RU
WUDQVLWLRQ IURP SOXJ WR DQQXODU IORZV ORFDO VWDWLF SUHVVXUH LQWHQVLYHO\ ULVHV 7KLV GHPRQVWUDWHV WKDW LW LV SRVVLEOH WR
FDXVH OLTXLG REVWUXFWLRQ )RU WUDQVLWLRQ IURP DQQXODU WR VWUDWLILHG IORZV GURS RI VWDWLF SUHVVXUH REYLRXVO\ LQFUHDVHV
  3XEOLVKHG E\ (OVHYLHU /WG 6HOHFWLRQ
.H\ZRUGV 7ZR SKDVHV IORZ IORZ SDWWHUQ WUDQVLWLRQ ZDWHUDLU IORZLQJ
 ,QWURGXFWLRQ
)OXLG IORZ RI JDVOLTXLG WZR SKDVHV LQ D KRUL]RQWDO WXEH KDV ZLGHO\ DSSOLHG WR GLIIHUHQW ILHOGV
LQFOXGLQJ SRZHU FKHPLFDO LQGXVWU\ DQG SHWUROHXP HQJLQHHULQJ %HFDXVH RI GLIIHUHQW ZRUNLQJ FRQGLWLRQV
DQG WKHUPRSK\VLFDO SURSHUWLHV IOXLG IORZ RI JDVOLTXLG WZR SKDVHV LQ D KRUL]RQWDO WXEH GLVSOD\V GLIIHUHQW
IORZ SDWWHUQV ZKLFK DIIHFWV VHFXULW\ DQG HFRQRP\ RI PHFKDQLFDO HTXLSPHQWV $QQXODU IORZ LV VDIHW\ DQG
HFRQRP\ ERWK SOXJ DQG VOXJ HDVLO\ EORFNV OLTXLG DQG ZDY\ IORZ LV XQVWDEOH EHFDXVH YDULDEOH IRUFH DQG
YHORFLW\ H[HUWHG RQ WKH LQWHUIDFH 7KHUHIRUH UHVHDUFKHV RQ ERWK IORZ SDWWHUQV DQG WKHLUV WUDQVLWLRQV DUH
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YDOXDEOH WR SUDFWLFDO HQJLQHHULQJ DSSOLFDWLRQ ZKLFK LV DQ LPSRUWDQW NH\ WR EH FRQVLGHUHG E\ WKH
HQJLQHHULQJ GHVLJQHUV
)ORZ SDWWHUQV DUH FRPSOH[LW\ EHFDXVH GLVWULEXWLRQ RI JDVOLTXLG SKDVH YDULHV ZLWK HDV\ GHIRUPLQJ
LQWHUIDFH ,W LV DIIHFWHG E\ PDQ\ IDFWRUV LQFOXGLQJ VL]H VKDSH WLOW DQJOH RI WKH WXEH KHDWLQJ FRQGLWLRQV
JUDYLW\ ILHOG VXUIDFH WHQVLRQ VKHDU VWUHVV EHWZHHQ JDV DQG OLTXLG SKDVHV %DNHU >@ GHVFULEHG WUDQVLWLRQ RI
IORZ SDWWHUQ ZLWK PDVV IORZ RI JDVOLTXLG SKDVH $W YHORFLW\ RI JDV SKDVH ODUJHU WKDQ PV DQQXODU IORZ
DSSHDUV LQ D KRUL]RQWDO WXEH DW YHORFLW\ RI JDV SKDVH IURP PV WR PV LQWHUPLWWHQW IORZ DSSHDUV DW
YHORFLW\ RI JDVOLTXLG SKDVH OHVV WKDQ PV VWUDWLILHG IORZ DSSHDUV 0DQGKDQH HW DO >@ DQDO\]HG HIIHFWV RI
JDVOLTXLG SKDVH UHGXFHG YHORFLW\ RQ WUDQVLWLRQ RI IORZ SDWWHUQ 7UDQVLWLRQ IURP VWUDWLILHG WR VOXJ IORZ
RFFXUV DW UHGXFHG YHORFLW\ RI PV WUDQVLWLRQ IURP VOXJ WR EXEEOH IORZV RFFXUV DW PV 7DLWHO DQG
'XNOHU>@ REWDLQHG GHWHUPLQLQJ FRQGLWLRQ RI IORZ SDWWHUQ XQGHU VRPH IDFWRUV LQFOXGLQJ UHGXFHG YHORFLW\
WXEH GLDPHWHU SUHVVXUH WLOW DQJOH DQG SK\VLFDO SURSHUWLHV :HLVPDQ HW DO >@ H[SHULPHQWDOO\ LQYHVWLJDWHG
HIIHFWV RI ERWK IOXLG SURSHUWLHV DQG WXEH GLDPHWHU RQ IORZ SDWWHUQ
,Q VXPPDU\ JDVOLTXLG SKDVH IORZ SDWWHUQ LV FDXVHG E\ PDQ\ IDFWRUV LQFOXGLQJ JHRPHWU\ FRQGLWLRQV
SDUDPHWHUV RI ERWK IORZLQJ DQG SK\VLFDO SURSHUWLHV 6R D WKUHH GLPHQVLRQDO QXPHULFDO VLPXODWLRQ FDQ
SUHGLFW PRUH IDFWRUV WR DIIHFW IORZ SDWWHUQV DQG WKHLU WUDQVLWLRQV &RQVLGHULQJ WKH H[LVWHQFH RI JDVOLTXLG
LQWHUIDFH D SUHGLFWLRQ PRGHO LV UHTXLUHG WR FDSWXUH D JDVOLTXLG LQWHUIDFH +LUW DQG 1LFKROV >@ ILUVWO\
SURSRVHG 92) PRGHO WR WUDFN WKH LQWHUIDFH ,W LQYROYHG PDVV PRPHQWXP DQG HQHUJ\ FRQYHUVLRQ
HTXDWLRQV ,W DOVR GHILQHG YROXPH IUDFWLRQ DV UDWLR RI OLTXLG RU JDV YROXPH WR WRWDO YROXPH LQ DQ\ FHOO ,I
D LV  RU  WKH FHOO LV IXOO RI JDV RU OLTXLG RU WKH FHOO LQYROYHV DQ LQWHUIDFH *DVOLTXLG LQWHUIDFH LV
GHWHUPLQHG E\ DQ LQWHUIDFH FRQVWUXFWLRQ PHWKRG $W WKH SUHVHQW ZRUN WKH 92) PRGHO LV XVHG WR VLPXODWH
VWUDWLILHG SOXJ DQQXODU IORZV DQG WKHLU WUDQVLWLRQ %DVHG RQ UHVXOWV IHDWXUHV RI SDUDPHWHUV ZHUH DQDO\]HG
 7KH 92) 0RGHO
,W LV DVVXPHG WKDW IOXLG LV LQFRPSUHVVLEOH 1HZWRQ IOXLG YLVFRXV GLVVLSDWLRQ LV QHJOHFWHG DQG )ORZLQJ
LV LQ WKUHHGLPHQVLRQ $ 92) PRGHO FDQ EH GHVFULEHG DV IROORZV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&RPSXWDWLRQV ZHUH LPSOHPHQWHG ZLWK D )OXHQW VRIWZDUH %RXQGDU\ FRQGLWLRQV LQFOXGLQJ YHORFLW\ LQOHW
RXWIORZ RXWOHW DQG QRQVOLS ZDOO ZHUH DGRSWHG $ ERXQGDU\ OD\HU JULG ZDV XVHG /LQHDU HTXDWLRQ JURXSV
REWDLQHG E\ WKH JRYHUQLQJ HTXDWLRQV GLVFUHWL]HG ZLWK WKH VHFRQG RUGHU XSZLQG IRUP DUH FRXSOH VROYHG
ZLWK WKH PHWKRGV RI *DXVV6HLGHO DQG $0* 3UHVVXUH LV WUHDWHG ZLWK D 3,62 DOJRULWKP 3UHVVXUH ,PSOLFLW
ZLWK 6SOLWWLQJ RI 2SHUDWRU DQG DFFXUDWHO\ VROYHG ZLWK WKH SUHVVXUHYHORFLW\ FRXSOLQJ 5HOD[LQJ IDFWRUV
DUH VHWWOHG DV  IRU PRPHQWXP HTXDWLRQ  IRU SUHVVXUH  IRU YROXPH IUDFWLRQ HTXDWLRQ DQG  IRU
RWKHU HTXDWLRQV
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 5HVXOWV DQG 'LVFXVVLRQ
)LJXUHV VKRXOG EH SODFHG DW WKH WRS RU ERWWRP RI D SDJH ZKHUHYHU SRVVLEOH DV FORVH DV SRVVLEOH WR WKH
ILUVW UHIHUHQFH WR WKHP LQ WKH SDSHU )ORZ SDWWHUQ DQG WKHLU WUDQVLWLRQV RI DGLDEDWLF JDVOLTXLG WZR SKDVHV
IRU DLU DQG ZDWHU ZHUH PRGHOHG ZLWK WKH 92) PRGHO 3DUDPHWHU
V GLVWULEXWLRQV DERXW SOXJ IORZ
 VPX LQ   DQQXODU IORZ  VPX LQ   DQG VWUDWLILHG IORZ  VPX LQ   ZHUH REWDLQHG DQG
IHDWXUHV RI WUDQVLWLRQ IURP DQQXODU WR VWUDWLILHG IORZV DQG IURP SOXJ WR DQQXODU IORZ ZHUH DQDO\]HG
 3DUDPHWHU
V GLVWULEXWLRQ RI GLIIHUHQW IORZ SDWWHUQV
)LJ  VKRZV WKDW SDUDPHWHU
V GLVWULEXWLRQ RI SOXJ IORZ  VPX LQ   LQ D KRUL]RQWDO WXEH LQFOXGLQJ
DLU YROXPH IUDFWLRQ SUHVVXUH DQG YHORFLW\ $V ZDWHU ZLWK DLU SOXJ IORZV LQWR WKH KRUL]RQWDO WXEH LWV
NLQHWLF HQHUJ\ UHGXFHV GXH WR IULFWLRQ ORVV ZLWK LQQHU ZDOO VR YHORFLW\ YDULHV DORQJ WKH WXEH OHQJWK
FDXVLQJ GHIRUPDWLRQ RI DLU SOXJ DV VKRZQ LQ )LJ  %HFDXVH WKH IURQW DLU SOXJ LV SXVKHG E\ WKH EHKLQG RQH
LWV WDLO GHIRUPV DW WKH MRLQW SRLQW EHWZHHQ WZR DLU SOXJV $LU GHQVLW\ LV OHVV WKDQ ZDWHU GHQVLW\ VR DLU
YHORFLW\ LV ODUJHU WKDQ ZDWHU YHORFLW\ ,Q )LJ  6WDWLF SUHVVXUH GURSV DORQJ IORZLQJ RI ZDWHU ZLWK DLU SOXJ
EHFDXVH RI IULFWLRQ ORVV EHWZHHQ LQWHULRU ZDOO DQG ZDWHU ZLWK DLU SOXJ +RZHYHU 6WDWLF SUHVVXUH GURSV RI
JDVOLTXLG SKDVH DUH GLIIHUHQW QRW UHDFKLQJ IXOO GHYHORSLQJ VWDWH ,Q )LJ  WRWDO SUHVVXUH GUDPDWLFDOO\
FKDQJHV EHWZHHQ DGMDFHQW DLU SOXJV DQG VSUHDGV DOO GLUHFWLRQV IURP WKH FHQWHU RI DGMDFHQW DLU SOXJV
)LJ 3DUDPHWHU GLVWULEXWLRQ RI SOXJ IORZ LQ D KRUL]RQWDO WXEH
)LJ  3DUDPHWHU
V GLVWULEXWLRQ RI DQQXODU IORZ LQ D KRUL]RQWDO WXEH
)LJ  VKRZV WKDW SDUDPHWHU
V GLVWULEXWLRQ RI DQQXODU IORZ LQ D KRUL]RQWDO WXEH LQFOXGLQJ YROXPH
IUDFWLRQ YHORFLW\ VWDWLF DQG WRWDO SUHVVXUHV 7KH LQWHULRU ZDOO RI WKH KRUL]RQWDO WXEH LV FRYHUHG ZLWK ZDWHU
DLU OLHV LQ WKH FHQWHU RI WKH KRUL]RQWDO WXEH VR YHORFLW\ RI DLU LQ WKH FHQWHU LV KLJKHU DV VKRZQ LQ )LJ  $LU
ZLWK KLJKHU YHORFLW\ LPSRVHG KLJKHU VWUHVV VKHDU RQ ZDWHU VR ZDWHU FDQ RYHUFRPH LWV JUDYLW\ WR PDLQWDLQ
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DQQXODU IORZ DV VKRZQ LQ )LJ  6WDWLF DQG WRWDO SUHVVXUHV GHFUHDVH DORQJ WKH WXEH OHQJWK DV VKRZQ LQ )LJ
 'LVWULEXWLRQV RI ERWK YHORFLW\ DQG SUHVVXUH IRU DQQXODU IORZ DUH VLPLODU WR WKDW IRU VLQJOH SKDVH IORZLQJ
DQG EHORQJV WR IXOO GHYHORSPHQW VWDWH 6R DQQXODU IORZ LV D VDIH DQG HFRQRPLF IORZ SDWWHUQ
)LJ 3DUDPHWHU
V GLVWULEXWLRQ RI VWUDWLILHG IORZ LQ D KRUL]RQWDO WXEH
 $QDO\VLV RI WUDQVLWLRQ EHWZHHQ IORZ SDWWHUQV
)LJ  VKRZV SDUDPHWHU
V GLVWULEXWLRQ RI WUDQVLWLRQ IURP DQQXODU WR VWUDWLILHG IORZV ,W IRUPV E\
WUDQVIRUPLQJ LQOHW YHORFLW\ LQWR VPX LQ  EDVHG RQ DQQXODU IORZ DW YHORFLW\ RI VPX LQ   ,Q )LJ
 DV LQOHW YHORFLW\ UHGXFHV DLU VKHDU VWUHVV UHGXFHV DQG FDQ
W RYHUFRPH JUDYLW\ RI ZDWHU WR PDLQWDLQ
DQQXODU IORZ VR ZDWHU VOLSV LQWR WKH ERWWRP RI WKH WXEH DORQJ WKH FLUFXPIHUHQFH JDWKHULQJ WKHUH ,Q WKH
UHJLRQ RI WUDQVLWLRQ IURP DQQXODU WR VWUDWLILHG IORZV YHORFLW\ RI DLU GUDPDWLFDOO\ ULVHV DQG D VWUDWLILHG IORZ
RFFXUV LQ WKH UHDU SDUW RI WKH KRUL]RQWDO WXEH DV VKRZQ LQ )LJ 'LVWULEXWLRQV RI ERWK VWDWLF DQG WRWDO
SUHVVXUHV PHHW IHDWXUHV RI VWUDWLILHG IORZ DV VKRZQ LQ )LJ 
)LJ  3DUDPHWHU
V GLVWULEXWLRQ RI WUDQVLWLRQ IURP DQQXODU WR VWUDWLILHG IORZ
)LJ  3DUDPHWHU
V GLVWULEXWLRQ RI WUDQVLWLRQ IURP DQQXODU WR ZDY\ IORZ
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)LJ  VKRZV WKDW SDUDPHWHU
V GLVWULEXWLRQ RI WUDQVLWLRQ IURP DQQXODU WR ZDY\ IORZV ,W IRUPV E\
WUDQVIRUPLQJ LQOHW YHORFLW\ LQWR VPX LQ  EDVHG RQ DQQXODU IORZ DW YHORFLW\ RI VPX LQ  
%HFDXVH RI ORZHU LQOHW YHORFLW\ DLU VKHDU VWUHVV GHFUHDVHV DQG JUDYLW\ RI ZDWHU GRPLQDWHV $ ODUJH
DPRXQW RI ZDWHU IORZV LQWR WKH ERWWRP IURP WKH WRS RI WKH WXEH GLVWXUELQJ ERWK SUHVVXUH DQG YHORFLW\ RQ
WKH JDVOLTXLG LQWHUIDFH 6R ZDY\ IORZ DSSHDUV 6WDWLF SUHVVXUH RI IOXLG GHFUHDVHV DORQJ WKH IORZLQJ
GLUHFWLRQ DQG WRWDO SUHVVXUH DOVR IOXFWXDWHV 0HDQZKLOH WRWDO SUHVVXUH RI DLU LV ORZHU DQG WKDW RI ZDWHU LV
KLJKHU
)LJ  VKRZV SDUDPHWHU
V GLVWULEXWLRQ RI WUDQVLWLRQ IURP SOXJ WR DQQXODU IORZ ,W IRUPV E\ WUDQVIRUPLQJ
LQOHW YHORFLW\ LQWR VPX LQ  EDVHG RQ IOXLG IORZLQJ DW YHORFLW\ RI VPX LQ   3XVKHG E\ KLJKHU
LQOHW YHORFLW\ SOXJ IORZ OHDYHV RXW RI WKH KRUL]RQWDO WXEH DQG LV VXEVWLWXWHG IRU DQQXODU IORZ 6WDWLF
SUHVVXUH JUDGXDOO\ GURSV DORQJ WKH IORZLQJ GLUHFWLRQ KRZHYHU DW WKH MRLQW SRLQW ZKHUH DQQXODU IORZ
WRXFKHV SOXJ IORZ VWDWLF DQG WRWDO SUHVVXUHV DVFHQGV DQG LV ODUJHU WKDQ FRQVWDQW SUHVVXUH
)LJ  3DUDPHWHU
V GLVWULEXWLRQ RI WUDQVLWLRQ IURP SOXJ WR DQQXODU IORZV
 &RQFOXVLRQ
8VLQJ D 92) PRGHO ERWK DGLDEDWLF ZDWHUDLU IORZ SDWWHUQV DQG WKHLU WUDQVLWLRQV ZDV QXPHULFDOO\
DQDO\]HG EDVHG RQ D %DNHU IORZ SDWWHUQ UHJLPH DQG SDUDPHWHUV
 GLVWULEXWLRQV ZHUH REWDLQHG LQFOXGLQJ DLU
YROXPH IUDFWLRQ YHORFLW\ DQG SUHVVXUH 5HVXOWV VKRZ WKDW GLVWULEXWLRQV ERWK SUHVVXUH DQG YHORFLW\ FKDQJHV
ZLWK IORZ SDWWHUQV )RU SOXJ VWUDWLILHG DQG DQQXODU IORZV VWDWLF SUHVVXUH RI DLU LV ORZHU WKDQ WKDW RI ZDWHU
DQG KDV REYLRXV VWUDWLILHG GLVWULEXWLRQ DW WKH FURVVVHFWLRQ RI WKH KRUL]RQWDO WXEH 'XULQJ WUDQVLWLRQ IURP
DQQXODU WR VWUDWLILHG IORZV VWDWLF SUHVVXUH REYLRXVO\ LQFUHDVHV 'XULQJ WUDQVLWLRQ IURP SOXJ WR DQQXODU
IORZ ORFDO SUHVVXUH REYLRXVO\ JRHV XS LW LV SRVVLEOH WR RFFXU REVWUXFWLRQ OLTXLG
5HIHUHQFHV
>@ %DNHU 2 'HVLJQ RI 3LSHOLQHV IRU 6LPXODWLRQV )ORZ RI 2LO DQG *DV 2LO DQG *DV -RXUQDO   
>@ 0DQGKDQH - 0 *UHJRU\ * $ DQG $]L] . $  $ )ORZ 3DWWHUQ 0DS IRU *DV/LTXLG )ORZ LQ +RUL]RQWDO 3LSHOLQH ,QW - 0XOWLSKDVH
)ORZ  
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